The nuclear receptor retinoid X receptor (RXR) is a ligand-activated transcription factor. To create receptors for a new ligand, a structure-based approach was used to generate a library of Ϸ380,000 mutant RXR genes. To discover functional variants within the library, we used chemical complementation, a method of protein engineering that uses the power of genetic selection. Wild-type RXR has an EC50 of 500 nM for 9-cis retinoic acid (9cRA) and an EC50 of >10 M for the synthetic retinoid-like compound LG335 in yeast. T he human retinoid X receptor ␣ (RXR) is a ligand-activated transcription factor of the nuclear receptor superfamily. RXR plays an important role in morphogenesis and differentiation and serves as a dimerization partner for other nuclear receptors (1). Like most nuclear receptors, RXR has two structural domains, the DNA-binding domain (DBD) and the ligand-binding domain (LBD), which are connected by a flexible hinge region. The DBD contains two zinc modules, which bind a sequence of six bases (2). The LBD binds and activates transcription in response to multiple ligands including phytanic acid, docosahexaenoic acid and 9-cis retinoic acid (9cRA) (Fig. 5 , which is published as supporting information on the PNAS web site) (3-6). RXR is a modular protein; the DBD and LBD function independently. Therefore, the LBD can be fused to other DBDs and retain function. A conformational change is induced in the LBD upon ligand-binding, which initiates recruitment of coactivators and the basal transcription machinery resulting in transcription of the target gene (7).
T
he human retinoid X receptor ␣ (RXR) is a ligand-activated transcription factor of the nuclear receptor superfamily. RXR plays an important role in morphogenesis and differentiation and serves as a dimerization partner for other nuclear receptors (1) . Like most nuclear receptors, RXR has two structural domains, the DNA-binding domain (DBD) and the ligand-binding domain (LBD), which are connected by a flexible hinge region. The DBD contains two zinc modules, which bind a sequence of six bases (2) . The LBD binds and activates transcription in response to multiple ligands including phytanic acid, docosahexaenoic acid and 9-cis retinoic acid (9cRA) (Fig. 5 , which is published as supporting information on the PNAS web site) (3) (4) (5) (6) . RXR is a modular protein; the DBD and LBD function independently. Therefore, the LBD can be fused to other DBDs and retain function. A conformational change is induced in the LBD upon ligand-binding, which initiates recruitment of coactivators and the basal transcription machinery resulting in transcription of the target gene (7) .
Nuclear receptors have evolved to bind and activate transcription in response to a variety of small-molecule ligands. The known ligands for nuclear receptors are chemically diverse and include steroid and thyroid hormones, vitamin D, prostaglandins, fatty acids, leukotrienes, retinoids, antibiotics, and other xenobiotics. Evolutionarily closely related receptors (e.g., thyroid hormone receptor and retinoic acid receptor) bind different ligands, whereas some members of distant subfamilies (e.g., RXR and retinoic acid receptor) bind the same ligand (8) . This diversity of ligand-receptor interactions demonstrates the versatility of the fold for ligandbinding and suggests that it should be possible to engineer LBDs with a large range of novel specificities.
The crystal structure of RXR bound to 9cRA elucidates important hydrophobic and polar interactions in the LBD binding pocket (9) . There are 20 hydrophobic and polar amino acids within 4.4 Å of the bound 9cRA (Fig. 6 , which is published as supporting information on the PNAS web site). RXR is a good candidate for creating variants that bind different ligands through site-directed mutagenesis, because side-chain atoms, not main-chain atoms, contribute the majority of the ligand contacts (10) (11) (12) (13) . A library of RXR LBDs with all 20 amino acids at each of the 20 positions in the ligand-binding pocket screened against multiple compounds could potentially produce many new ligand-receptor pairs. However, the number of possible combinations (20 20 Ϸ 10 26 ) renders saturation mutagenesis impractical for constructing a complete library.
Codon randomization creates protein libraries with mutations at specific sites (14) . We used a modified version of the Lim and Sauer (15) codon randomization method to create a library of binding pocket variants of RXR. This library allowed exploration of a vast quantity of sequence space in a minimal amount of time.
Chemical complementation is a method that links survival of yeast to the presence of a small molecule (12) (B.A., E. I. Chang, L.J.S., and D.F.D., unpublished data). Chemical complementation allows us to test for the activation of protein variants by specific ligands by using genetic selection. Here, we used LG335, a synthetic retinoid-like compound (Fig. 5) , to test the viability of chemical complementation for discovery of ligand-receptor pairs from large libraries.
LG335 was previously shown to selectively activate an RXR variant and not activate wild-type RXR (11, 16) . Combining chemical complementation with a large library of protein variants decreases the time, effort, and resources necessary to find new ligand-receptor pairs. We detail our first attempt at large-scale chemical complementation to engineer ligand-receptor pairs.
Materials and Methods
Ligands. 9cRA (molecular weight of 300.4 g͞mol) was purchased from ICN. LG335 (16) was synthesized as described in refs. 17-21 and in Supporting Materials and Methods, which is published as supporting information on the PNAS web site.
Expression Plasmids. pGAD10BAACTR (22) (B.A., E. I. Chang, L.J.S., and D.F.D., unpublished data), pGBT9Gal4, pGBDRXR␣ (12) , pCMX-hRXR (1), and pCMX-␤GAL (10) have been described. Conversion of pGBDRXR␣ to pGBDRXR␣L-SH-ME is described in Supporting Materials and Methods. pCMX-hRXR mutants were cloned from pGBDRXR vectors by using SalI and This paper was submitted directly (Track II) to the PNAS office.
Abbreviations: RXR, human retinoid X receptor ␣; 9cRA, 9-cis retinoic acid; LBD, ligandbinding domain; DBD, DNA-binding domain; GBD:RXR, Gal4 DBD RXR LBD fusion protein; ACTR:GAD, ACTR Gal4 activation domain fusion protein; SC, synthetic complete.
PstI restriction enzymes and ligated into similarly cut pCMX-hRXR vectors. pLucCRBPIIMCS was constructed as described in Supporting Materials and Methods. All plasmids have been confirmed through sequencing.
Genotype Determination. Plasmids were rescued by using either the Powers method (www.fhcrc.org͞labs͞gottschling͞yeast͞yplas.html) or the Zymoprep kit (Zymo Research, Orange, CA). The plasmids were then transformed into Z-competent (Zymo Research) XL1-Blue cells (Stratagene). The QIAprep Spin Miniprep kit (Qiagen, Valencia, CA) was used to purify the DNA from the transformants. These plasmids were sequenced.
Quantitation Assays. Solid media. The rescued plasmids were transformed (23) into PJ69-4A containing the pGAD10BAACTR plasmid and plated on synthetic complete (SC) ϪTrp ϪLeu medium. These plates were grown for 2 days at 30°C. Colonies were streaked onto the following media: SC, SC ϪTrp ϪLeu, SC ϪAde ϪTrp ϪLeu, and SC ϪAde ϪTrp ϪLeu plus increasing concentration of LG335 or 9cRA from 1 nM to 10 M. Liquid media and mammalian luciferase assay. The method used for quantitation of liquid media in this work was modified from a method developed by Miller (24) . Mammalian luciferase assay was performed with HEK 293 cells as previously described (11) .
Supporting Materials and Methods. Plasmid and insertion cassette library construction (Fig. 7 , which is published as supporting information on the PNAS web site), yeast selection plates and transformation, and molecular modeling are described in Supporting Materials and Methods.
Results
Library Design. The binding pocket of the RXR LBD is composed of primarily hydrophobic side chains plus several positively charged residues that stabilize the negatively charged carboxylate group of 9cRA (9) . The target ligand, LG335, contains an analogous carboxylate group, so the positively charged residues were left unchanged. We hypothesized that binding affinity arises from hydrophobic contacts and that specificity arises from binding pocket size, shape, hydrogen bonding, and electrostatics. The randomized amino acids were chosen based on their proximity to the bound 9cRA as observed in the crystal structure and the results of site-directed mutagenesis ( 
Sequenced codons are followed by the encoded amino acid in parentheses. ''wtRXR'' indicates that the sequence corresponds to the wild-type RXR codon. ''Deleted'' indicates the presence of an unmutated 3Stop deletion background cassette. positions only in unselected variants and not in the variants that activate in response to ligand. The substitutions at positions 268, 271, and 272 were restricted to small amino acids, allowing access to the positively charged residues at this end of the pocket.
To eliminate contamination of the library with unmutated, wild-type RXR, the gene was modified to create a nonfunctional gene, RXR:3Stop. Forty base pairs were deleted at three separate sites, producing three stop codons in the coding region to create this nonfunctional gene. The deletions correspond to regions in the RXR gene where randomized codons are designed. This plasmid, pGBDRXR:3Stop, was cotransformed into yeast with the library of insertion cassettes containing full-length RXR LBD genes with randomized codons at positions 268, 271, 272, 310, 313, and 436. The insertion cassettes and the plasmid contain homologous regions enabling the yeast to homologously recombine the cassette into the plasmid. Recombination repairs the deletions in the RXR:3Stop gene to make full-length genes with mutations at the six specific sites.
Library Selection. To limit the number of variants to be screened, the library was subjected to chemical complementation ( Fig. 1) (Table 1 ). All nine of the plasmid sequences from the nonselective plates contained at least one deletion and were nonfunctional genes. Of the 12 plasmids that grew on the selective media, all contained full-length RXR LBDs with designed mutations. With 95% certainty, we concluded that the unselected library was at least 72% background and the selected library was at least 78% designed sequences (see Supporting Materials and Methods).
Variant Characterization in Yeast. The 12 plasmids rescued from the selective plates were retransformed (23) into PJ69-4A to confirm that their phenotype is plasmid-linked. The strain PJ69-4A was engineered to contain a Gal4 response element controlling expression of the LacZ gene in addition to the ADE2 gene. Both selection and screening were used to determine the activation level of each variant by 9cRA and LG335. The selection assay quantifies yeast growth occurring through transcriptional activation of the ADE2 gene, whereas the screen quantifies ␤-galactosidase activity occurring through transcriptional activation of the LacZ gene. Although the selection assay (Fig. 2) is Ϸ10-fold more sensitive than the screen (Fig. 3) , it does not quantify activation level (efficacy) as well as the screen. In the selection assay, there is either growth or no growth, whereas the screen more accurately quantifies different activation levels at various concentrations of ligand (Figs. 2 and 3) . Three plasmids were used as controls in the screen and selection assays. The plasmids pGBDRXR␣ and pGBT9Gal4 were used as positive controls with which the activation level of the variants can be compared. pGBDRXR␣ expresses the gene for the ''wild-type'' GBD:RXR, which grows and is activated by 9cRA but not by LG335. pGBT9Gal4 expresses the gene for the ligand-independent yeast transcription factor Gal4 (25) , which is constitutively active in the presence or absence of either ligand. The plasmid pGBDRXR:3Stop serves as a negative control. pGBDRXR:3Stop carries a nonfunctional RXR LBD gene; therefore, yeast transformed with this plasmid does not grow in the selection assay or show activity in the screen. This plasmid provides a measure of background noise in both the selection and screen assays.
Both the selection and screen assays showed that 10 of the 12 variants are selectively activated by LG335. Results of these assays are shown in Figs. 2 and 3. Table 2 summarizes the transcriptional activation profiles of all 12 variants in response to both 9cRA and LG335 compared with wild-type RXR.
Mammalian Correlation. Five variants were chosen for testing in mammalian cell culture for comparison of the activation profiles I268A;I310A;F313A;L436F, I268V;A272V;I310L;F313M, I268A;I310S;F313A;L436F, I268V;A272V;I310M;F313S;L436M, and I286A;I310M;F313A;L436T. The genes for these variants were removed from yeast expression plasmids and ligated into mammalian expression plasmids.
Discussion
The chemical complementation system presented here focuses on one small-molecule target ligand and utilizes the power of genetic selection to reveal proteins within the library that bind and activate transcription in response to that small molecule. We were able to isolate functional receptors from a large pool of nonfunctional variants, even from a nonoptimized library. Of the nine plasmids from the unselected library, all contained sequences that were at least partially background. Therefore, the majority of the library contains at least partial sequence from the nonfunctional gene (RXR:3Stop) used in the recombination process. Of the 12 plasmids from the selected library, all contain designed sequences. We conclude that chemical complementation is very efficient at finding functional receptors within a large collection of nonfunctional receptors.
Importantly, we have also demonstrated that we can generate and find ligand-receptor pairs that have various activation properties. Figs. 2 and 3 depict examples of the differing activation profiles, which are summarized in Table 2 . Some of the variants approach wild-type and Gal4 levels of activation (Ͼ50% efficacy; Fig. 3 a and c-f ), whereas some are activated only to low (Ͻ25% efficacy; Fig. 3 j-l) or moderate (between 25% and 50% efficacy; Fig. 3 g-i) levels. Most of the ligand-receptor pairs act like switches (i.e., on or off) (Fig. 3h) : they are fully activated at one concentration but show no activation at the next lower concentration. However, some act as rheostats (Fig. 3e) : transcription levels can be varied by changing ligand concentration over several orders of magnitude. These variants can be used to titrate levels of transcription by varying the concentration of ligand. The ability to titrate transcription levels should be useful in gene therapy to control transcription of therapeutic genes and in agriculture to control transcription of pesticidal or other genes. Although I268L;I310M;F313V is constitutively active in the selection assay (Fig. 2n) and has high basal activity in the screen assay, both 9cRA and LG335 increase activity at micromolar concentrations (Fig. 3n) . This variant may be in an intermediate conformation, with weakly activated transcription that can be improved by ligand-binding. The high basal activation could also be due to a change in the conformation equilibrium with a shift toward the active conformation when ligand is not present.
I268V;I310V;F313S is constitutively active on solid media (data not shown) but shows no activation in the screen (0% efficacy; Table 2 and Fig. 3o ) and only grows in the liquid media selection after two days (Fig. 2o) . The basal activation level may be below the threshold of detection for the liquid media assays. However, it is also possible that agar, which is not present in the liquid assays, contains some small molecule that activates the receptor.
Activation levels and EC 50 values correlate in yeast and HEK 293 cells (Fig. 4 and Table 2 ). For the majority of the variants, 9cRA shows little or no activation in yeast or mammalian cells. Variant I268V;A272V;I310L;F313M is activated slightly by 9cRA in yeast, but in mammalian cells it is activated to the same level by both 9cRA and LG335 (Figs. 2-4) . With one exception, all variants tested have EC 50 values within 10-fold in yeast and mammalian cells. However, the EC 50 values in mammalian cells are generally lower than in yeast. We speculate that this shift is due to increased penetration of LG335 into mammalian cells vs. yeast. Subtle differences in binding pocket shape can have a drastic effect on specificity. For example, the I268V;A272V;I310L;F313M variant is activated to high levels by LG335 (60% efficacy; Table 2 ) and is only slightly activated by 10 M 9cRA in yeast (Fig. 3e ), yet the amino acid changes are extremely conservative. The volume difference between Phe and Met side chains is only Ϸ4 Å 3 (26) , and their polarity difference is minimal (hydration potentials of the Met and Phe side chains are Ϫ0.76 kcal⅐mol Ϫ1 and Ϫ1.48 kcal⅐mol Ϫ1 , respectively) (27) . The other mutations redistribute methyl groups within the binding pocket, with a net difference of one methyl group (Ϸ18 Å 3 ) (26) .
The LG335-I268V;A272V;I310L;F313M ligand-receptor pair also represents a 25-fold improvement in EC 50 over our previous best LG335 receptor, Q275C;I310M;F313I (40 nM vs. 1 M in yeast) (11) . The Q275C;I310M;F313I variant was created by using site-directed mutagenesis. We would not have predicted that the subtle changes in the I268V;A272V;I310L;F313M variant would have produced a better ligand-receptor pair than the Q275C;I310M;F313I variant. This conclusion is consistent with the observation that nuclear receptors bind ligands through an inducedfit mechanism (28) . With current knowledge about protein-ligand interactions, it is not possible to rationally design ligand-receptor pairs with specific activation profiles. Libraries and chemical complementation are a new way to circumvent this problem and obtain functional variants with a variety of activation profiles.
Molecular modeling was used to generate hypotheses about the structural basis of ligand specificity for the variants discovered in the library. First, mutations to smaller or more flexible side chains at positions 310 and 313 are essential to provide space for the propyl group of LG335. All variants activated by LG335 have mutations at these two positions. Second, mutations to amino acids with larger side chains at position 436 sterically clash with the methyl group at position 9 of 9cRA. This interaction may prevent helix 12 from closing properly and therefore prevent activation by 9cRA. The only variant significantly activated by 9cRA, I268V;A272V;I310L;F313M, does not contain a mutation at position 436. Third, we hypothesize that tight packing in the binding pocket may lead to lower EC 50 values. The docking results for I268V;A272V;I310L;F313M with LG335 show that the Met and Leu side chains pack tightly against the propyl group of LG335, which may result in tighter binding and, consequently, a lower EC 50 .
In this study, we were able to take advantage of both structural information and functional data from previous site-directed mutations for our library design. In the absence of functional data, chemical complementation may be used to test more hypotheses about the function of particular residues than would be possible through site-directed mutagenesis. By making a library of changes at a single site, additional information could be obtained about the importance of side-chain size, polarity, and charge compared with the traditional mutation to Ala that is often used to explore single-residue importance. In the absence of structural information, it is possible to make large libraries by using error-prone PCR or gene shuffling. Chemical complementation could also be used to select active variants from these types of libraries.
Chemical complementation allows high-throughput testing of large libraries. Hundreds of thousands of variants can be assayed in one experiment without the spatial resolution necessary for traditional screening methods (i.e., no need for one colony per well). Yeast can be spread on solid media, and, through the power of genetic selection, cells expressing active variants will grow into colonies. Survivors can then be spatially resolved (i.e., transferred to a microplate, one colony per well) for further characterization, decreasing the time and effort required to find new ligand-receptor pairs.
Chemical complementation identifies nuclear receptors with a variety of responses to a specific ligand. Nuclear receptors that activate transcription in response to targeted molecules and not to endogenous compounds have several additional potential applications. The ability to switch a gene on and off in response to any desired compound can be used to build complex metabolic pathways and gene networks and to create conditional knockouts and phenotypes in cell lines and animals. This ability should also be useful in gene therapy and in agriculture to control expression of therapeutic or pesticidal genes. A variety of responses would be useful in engineering biosensor arrays: an array of receptors with differing activation profiles for a specific ligand could provide concentration measurements and increased accuracy of detection. The ability to engineer proteins that activate transcription in response to any desired compound with a variety of activation profiles will provide a general method of engineering enzymes. Receptors that bind the product of a desired enzymatic reaction can be used to select for enzymes that perform this reaction. The stringency of the assay can be adjusted by using ligand-receptor pairs with lower or higher EC 50 values. The lack of a general system for genetic selection is currently the limiting step for directed evolution of enzymes (29, 30) .
